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Chapter 4 
A new approach to the dynamic 
kinetic resolution of haloalcohols 
 
In this chapter, the dynamic kinetic resolution of a variety of racemic haloalcohols to 
their corresponding epoxides is described, with excellent enantioselectivity especially 
using chloroalcohols. The aim of this research was to enlarge the synthetic potential of 
haloalcohol dehalogenases by combining enzyme-catalyzed ring closure of haloalcohols 
with transition-metal catalyzed racemization, leading directly from racemic 
halohydrins to enantiomerically pure epoxides.a 
 
                                                     
a  Submitted for publication: R. M. Haak, F. Berthiol, T. Jerphagnon, A. J. A. Gayet, C. Tarabiono,  
C. P. Postema, M. Pfeffer, D. B. Janssen, A. J. Minnaard, B. L. Feringa, and J. G. de Vries, Dynamic 
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4.1 Introduction to dynamic kinetic resolution 
Enzymatic kinetic resolution is a powerful strategy to obtain chiral compounds in high 
enantiomeric purity.1,2 However, being a resolution method, it suffers from the 
drawback of a maximum yield of 50%. Therefore, a powerful related approach has 
arisen in recent years: to couple asymmetric conversion with racemization of the 
remaining starting material. This type of second-order asymmetric transformation3 has 
become known as dynamic kinetic resolution (DKR).4 Ideally, it results in full 
conversion to an enantiomerically pure product. 
DKR requires that the two enantiomers of a given starting material 1) react to different 
stereoisomers of the product, 2) undergo this reaction at different rates, and 3) are in 
continuous, fast equilibrium with each other. A number of strategies has been 
developed to ensure that the last condition is met. 
 
Scheme 4.1 Dynamic kinetic resolution via ring opening of chiral azlactones by (L)-α-amino acid 
methyl esters. 
 
In the initial approach to DKR, the intrinsic stereochemical lability of certain 
stereocenters is used, for instance as a result of facile enolization. In 1966, Weygand and 
coworkers described the reaction of (L)-α-amino acid esters with racemic azlactones, 
leading to an excess of one of the possible diastereoisomers.5 Importantly, the authors 
described and demonstrated the kinetic requirement that one of the enantiomers of the 
starting material reacts faster with the chiral reagent than the other, and racemization is 
faster than both of these reaction rates (Scheme 4.1). This understanding makes the 
  
 





Chapter 4 - Dynamic Kinetic Resolution of Haloalcohols.doc 
A new approach to the dynamic kinetic resolution of haloalcohols 
example of Weygand et al. the first unequivocal example of an intentionally performed 
dynamic kinetic resolution. 
Racemization due to the stereochemical lability of stereogenic 
centers has been used since then in a number of similar studies, 
including biochemical conversions. Examples are the 
production of D-phenylglycine-related α-amino acids by 
immobilized microbial cells6 or the enzymatic second-order 
asymmetric hydrolysis of ketorolac esters.7  
In a seminal publication by Noyori and coworkers,8 the term “dynamic kinetic 
resolution” was introduced. This group described the asymmetric hydrogenation of 
racemic 2-substituted 3-oxo carboxylic esters. As a result of the configurational lability 
at the 2-position, this approach led to an effective dynamic kinetic resolution. β-
Hydroxyesters were obtained in remarkable enantiomeric and diastereomeric excess 
(Scheme 4.2). 
 
Scheme 4.2 Dynamic kinetic resolution of α-substituted β-ketoesters. 
 
The approach of using the configurational lability of the starting material to effect 
dynamic kinetic resolution has found widespread use and several examples are 
described in literature.9 These include lipase-catalyzed procedures for DKR of aldehydes 
to optically active cyanohydrin acetates10 and DKR of furanones.11 
Spontaneous or base-assisted interconversion of substrate enantiomers has yielded many 
examples of efficient DKR. However, to enlarge the applicability, researchers began to 
look for ways to employ starting materials with more robust stereogenic centers, while 
maintaining mild reaction conditions. The first example of a transition-metal catalyzed 
racemization in DKR has been given by Allen and Williams in 1996.12 They combined 
lipase-catalyzed deacylation of a racemic allyl acetate with palladium-catalyzed 
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acetylation of rac-1-phenylethanol coupled with racemization using various transition 
metal catalysts. The best results were obtained using [Rh(cod)Cl]2 (76% conversion, 
80% ee) and Rh2(OAc)4 (60% conversion, 98% ee).13 
 
Scheme 4.3 DKR using a combination of enzyme and palladium catalysis. 
 
A further breakthrough was provided by the work of Bäckvall and coworkers. They 
developed an efficient procedure to convert racemic 1-phenylethanol to (R)-1-
phenylethyl acetate in high yield and excellent enantiopurity (Scheme 4.4).14 Their 
approach features the use of the ruthenium-based Shvo catalyst (Figure 4.1),15 p-
chlorophenyl acetate as the acyl donor, and immobilized thermophilic Candida 
antarctica lipase B (Novozym 435).16 
 
Scheme 4.4 Highly efficient DKR of phenethyl alcohol by combination of lipase and transition 
metal catalysis. 
 
Since then, numerous publications have appeared on the dynamic kinetic resolution of 
secondary alcohols using a combination of enzymatic and transition metal catalysis.4 In 
particular, several catalysts have been developed for efficient racemization.17 Besides the 
Shvo catalyst, complexes 4.118 and 4.219 (Figure 4.1) have been used, which are able to 
racemize secondary alcohols at room temperature. This is an important development, 
since it allows for the use of thermally labile enzymes. 
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Figure 4.1 Ruthenium catalysts for the racemization of secondary alcohols. 
 
Usually employed acyl donors include e.g. p-chlorophenyl acetate, i-propenyl acetate, 
or vinyl acetate.4 Furthermore, it has been shown that, under the proper conditions, 
simple esters like ethyl acetate can also be used.20  
Following Kazlauskas’ rule,21 lipases are R-selective for secondary alcohols. In order to 
obtain products with the S-configuration, the serine protease subtilisin has been 
employed in enzyme/transition-metal catalyzed DKR.22 Another development of 
interest is the DKR of primary amines, which are generally much harder to racemize 
than the corresponding secondary alcohols.23 
Given the fact that transition-metal based racemization catalysts are active in 
hydrogen-transfer processes, good racemization catalysts are in general also good 
catalysts for transfer hydrogenation. This observation has inspired Park et al.24 to extend 
the scope of DKR by using carbonyl compounds or enol acetates as the starting material 
(Scheme 4.5). 
 
Scheme 4.5 Ru/lipase mediated conversion of ketones or enol acetates to enantiomerically 
enriched actetates. 
 
While research into dynamic kinetic resolution of secondary alcohols in general has 
yielded several practical examples (vide supra), they do not often include the DKR of 
vicinal haloalcohols. Bäckvall and Pàmies reported the only systematic study so far.25 A 
possible reason for this lack of attention is the fact that the most common, ruthenium-
based racemization catalysts are poorly active for halogenated substrates. This lack of 
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intermediates in the catalytic cycle,19a are inhibitors of these racemization catalysts.b 
Nonetheless, β-haloalcohols are highly valuable structural building blocks in 
asymmetric synthesis, for instance as precursors of chiral epoxides or β- and γ-amino 
alcohols (Scheme 4.6). Alternatively, they serve as starting materials in the synthesis of 
side-chains for statins, a class of hypolipidemic drugs used against elevated cholesterol 
levels.26 
 
Scheme 4.6 Haloalcohols as synthetic intermediates for epoxides and aminoalcohols. 
 
In the study mentioned above,25 Bäckvall and Pàmies have shown that it is possible to 
obtain enantiomerically pure epoxides from racemic chloroalcohols in a two-step 
process (Scheme 4.7). 
 
Scheme 4.7 Preparation of optically active epoxides by DKR of chloroalcohols followed by 
intramolecular ring closure. 
 
 
Scheme 4.8 Enantiopure epoxides by HheC-catalyzed DKR of halohydrins. 
 
A dynamic kinetic resolution based on the use of haloalcohol dehalogenases would lead 
to a one-step procedure for the preparation of enantiopure epoxides from vicinal 
haloalcohols. Given the excellent results we obtained in the enzymatic kinetic 
                                                     
b In preliminary experiments by V. Ritleng, it was found that after addition of small quantities of 
chloroketone in the Ru-catalyzed racemization of enantiopure 2-chloro-1-phenylethanol, no 
more racemization took place. 
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resolution of β-chloroalcohols (see Chapter 3), we decided to develop such a procedure, 
as outlined in Scheme 4.8. 
Dynamic kinetic resolutions using haloalcohol dehalogenases has been reported,27 but in 
that case the system was fully enzymatic, based on the irreversible enzyme-catalyzed 
ring opening of epibromohydrin by azide. The required racemization of the starting 
material occurred due to the simultaneous and reversible ring opening of 
epibromohydrin by bromide, leading to the formation of meso-1,3-dibromopropanol as 
an intermediate in the reaction. A procedure for the use of haloalcohol dehalogenases in 
combination with transition-metal catalyzed racemization of haloalcohols 4.3 would 
lead to a more general procedure for the synthesis of enantiopure epoxides 4.4. 
4.2 Results and discussion 
4.2.1 Substrates 
In Chapter 3, the highly selective enzymatic kinetic resolution of unsaturated and 
heteroaromatic haloalcohols is described. The remaining enantiomers of the haloalcohol 
substrates (3.1 – 3.7) could be isolated in high yields and with high ee’s. Nevertheless, 
the use of these compounds as substrates for DKR was quickly discarded, since the 
epoxide products turned out to be unstable in the aqueous reaction medium needed for 
the enzymatic reaction. It was therefore decided to use a class of related compounds, 
the substituted aromatic haloalcohols depicted in Figure 4.2.  
Of these substrates, 4.3a is commercially available, both in racemic form and as the (R)- 
or (S)-enantiomers. Compounds 4.3b and 4.3j – 4.3q were prepared by sodium 
borohydride reduction of the corresponding haloketones.28 Substrates 4.3c, 4.3d, 4.3h, 
and 4.3i were prepared by reaction of chloroiodomethane with the corresponding 
aldehydes in the presence of n-butyllithium (See also Chapter 3).29 A notable aspect in 
the synthesis of aliphatic substrate 4.3i was that α-deprotonation of the aldehyde − 
which could be followed by a number of undesirable side-reactions − apparently does 
not occur. Finally, 4.3e – 4.3g were prepared by ring opening of the corresponding 
epoxide using in situ formed Li2CuCl4 (Scheme 4.9).30,31 
 












Although a poor regioselectivity is reported when styrene oxide is used as the starting 
material, 4.3e was obtained in a regioselectivity of 95:5 in favor of the terminally ring-
opened product. We contribute this to the presence of the electron-withdrawing nitro-
substituent on the para position, which destabilizes the development of partial positive 
charge at the benzylic carbon atom and thus suppresses nucleophilic attack at that 
position. The synthesis of m-nitro substituted 4.3f proceeded with a regioselectivity of 
73 : 27, lower than that in the case of 4.3e but still in favor of the product of terminal 
ring opening. By contrast, in the synthesis of o-nitro substituted 4.3g, the product of 
chloride attack on the internal carbon was not observed at all. This remarkable 
regioselectivity may be contributed to a favorable combination of the electron-
withdrawing effect of the nitro-group and the steric hindrance it exerts on the internal 
carbon atom of the oxirane. 
 
Figure 4.2 Haloalcohols used as substrates in this study. 
4.2.2 Enzymes 
In the course of our investigations, several haloalcohol dehalogenases were investigated. 
First of all wild-type HheC (E1, a haloalcohol dehalogenase from Agrobacterium 
radiobacter AD1),32 and furthermore a number of mutants of this enzyme (E2 − E4), as 
well as the chemically modified variant E5:33 
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E1: HheC. This is the wild-type enzyme, isolated from Agrobacterium radiobacter AD1 
and overexpressed in E. coli. 
E2: HheC Cys153Ser (C153S). The replacement of the cysteine residue at position 153 
by serine increased the oxidative stability of the enzyme, presumably since it reduces 
the chance that disulfur bridges between cysteine residues − a common oxidative 
inactivation pathway in enzymes − are formed.34 
E3: HheC Trp249Phe (W249F). The replacement of a tryptophan residue at position 249 
by phenylalanine increased the enantioselectivity of the enzyme for aromatic 
substrates.35 
E4: HheC Cys153Ser Trp249Phe (C153S W249F). This double mutant was expected to 
have both higher oxidative stability and higher enantioselectivity than wild-type HheC. 
E5: Chemically modified HheC W249. Using 
Lomant’s reagent (4.5),36 lysine residues at the 
outer surface of the enzyme can be cross-linked 
through amide bonds. This lysine modification was 
chosen because it was thought that complexation of 
lysine to the racemization catalyst initiated enzyme degradation. Hence, protection of 
the lysine residues was thought to increase the stability of the enzyme towards the 
racemization catalyst that was used for our dynamic kinetic resolution experiments 
(vide infra).  
Cleavage of the resulting dimers can be effected by treatment with DTT at room 
temperature, or by boiling a solution of the enzyme in mercaptoethanol. In both cases, 
the lysine residues remain protected with a 3-mercaptopropylamide moiety. Both the 
cross-linked and the cleaved, but still protected, enzymes can be used in subsequent 
experiments. 
Kinetic resolution experiments to test E1 − E5 
Using 4.3a and 4.3l as model substrates, enzymes E1 − E5 were used in enzymatic 
kinetic resolution in order to probe the relative enantioselectivity of the enzymes.  
Several kinetic resolution experiments were carried out using substrate 4.3a at a 0.2 
mmol scale (Table 4.1). It was observed that in a two-phase system, the enzymatic 
conversion using E1 becomes slower than in a homogeneous system, whereas the 
enantioselectivity increases slightly (entries 1 and 2). The use of phosphate buffer led to 
an even slower reaction and a decreased enantioselectivity (entry 3), whereas borate 
seemed to be well suited for kinetic resolutions using E1 (entry 4). Experiments using 
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constant than that of E1, which is very high only when using borate buffer (entries 4 − 
7). Hence, subsequent experiments were done using this enzyme. It was discovered later 
that the buffer system most compatible with the conditions of the biphasic DKR we 
were developing, was 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid 
(HEPES). As can be expected, the strength of the buffer solution is critical. When 10 
mM HEPES buffer was used, the enzyme hardly showed any activity (entry 8). After 16 
h, a conversion of 13% was reached. Moreover, it was observed that the pH of the 
solution had decreased from 8 to 6.5, indicating that a stronger buffer would be 
necessary for the reaction. Subsequent experiments revealed that a buffer concentration 
of 100 mM was sufficient. 









1 E1 1.1 Tris-sulfate 8.1 20 74 
2 E1 0.4 Tris-sulfate / toluene  8.1 10 / 10 93 
3 E1 0.3 Phosphate 7.2 20 56 
4 E1 0.8 Borate 8.2 20 >200 
5 E4 2.5 Tris-sulfate 8.1 20 154 
6 E4 1.0 Tris-sulfate / toluene  8.1 5 / 2 >200 
7 E4 1.0 Tris-sulfate / toluene 8.1 2 / 2 142 
8 E4 0.1 HEPESe / toluene 8 5 / 4 >200 
a) 200 μmol of substrate was added to the indicated solvent mixture, after which the reaction was started by 
adding 10−50 μL of enzyme solution to the mixture; b) The same amount of active enzyme was used in each 
reaction: in case of E1 60 mg, in case of E4 50 mL of a 176 U/mL solution (the activity was measured using 4.3l 
as substrate according to Ref. 37); c) All buffer solutions were 100 mM; d) In case of a biphasic system, this 
column refers to the pH of the aqueous buffer; e) 10 mM. 
A systematic study of enzyme behaviour was conducted using substrate 4.3l, to get an 
indication of the relative enantioselectivity of enzymes E1 – E5. The results of this 
screening are summarized in Table 4.2 and give a good indication of the relative 
differences in enantioselectivity between the enzymes. Since bromoalcohols, including 
4.3l, are more sensitive to base-catalyzed, unselective ring closure than chloroalcohols 
such as 4.3a, reactions were performed at a pH of 7.5 instead of 8. 
Based on previous research, it had been assumed that the C153S mutation would 
increase the stability of the HheC without affecting its enantioselectivity.34 The 
numbers in Table 4.2 indicate, however, that there is an adverse effect: the C153S 
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mutant shows lower enantioselectivity than wild-type HheC (entries 1 and 2), and the 
double mutant is less enantioselective than the mutant containing only W249F (entries 
3 and 4). In Paragraph 4.2.4 it will be shown that, despite the superior 
enantioselectivity of E3 in kinetic resolution, the double mutant E4 gives optimal 
results in DKR. 
Table 4.2 Screening of haloalcohol dehalogenases using substrate 4.3l.a 
 
Entry Enzyme Eapp E 
1 − kc = 3.17·10-6 s−1 
2 E1 HheC wild-type 27 31 
3 E2 C153S (more stable towards oxidation) 17 19 
4 E3 W249F (more enantioselective) 83 (100)b 94 (120) 
5 E4 C153S W249F 37 (40)b 45 (54) 
6 E4 C153S W249F, two-phase system 31 44 
7 E5c W249F modified with Lomant’s reagent 35 46 
a) A solution of 200 μmol of 4.3l in in 0.5 mL of DMSO was added to 10 mL of aqueous HEPES buffer (50 mM, 
pH 7.5). The reaction was started by adding 4 U of enzyme to the mixture. Samples were taken every 10 min 
and analyzed by chiral HPLC; b) Numbers in parentheses indicate the outcome of duplo experiments; c) See 
also Table 4.3, entries 4 − 6.  
Chemically modified enzyme E5 was subjected to closer investigation. In Table 4.3, we 
summarize our observations when E5 was screened using 4.3l as substrate. 
At pH 7, the apparent enantioselectivity of the enzyme is highest, presumably since 
lowering the pH suppresses competing non-selective chemical ring closure of the 
bromoalcohol to the epoxide. However, at this pH the reaction does not go to 
completion.  When the results at 120, 180, and 240 min are compared (entries 1 − 3), 
the conversion is roughly the same (around 39%). Also the ee of the remaining 
substrate remains equal (91%), whereas the ee of the product decreases significantly, 
from 76% to 65% to 50% (in earlier stages of the reaction the product ee was as high as 
95%). This indicates that the incomplete conversion is not due to enzyme deactivation, 
but instead that the reaction has reached equilibrium. At pH 7.5 equilibrium is reached 
at a higher level of conversion, 48% (entries 4 − 6). When DTT is added to the reaction 
mixture, the chemical cross-links (via Lomant’s reagent) between the peptide chains in 
the enzyme should be disconnected. However, this turns out to have only a small effect 
on the enzymatic conversion. The apparent E-value (33) and the conversion at 
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and 48%, respectively, compare entries 7 − 9 and 4 − 6). The dynamic kinetic resolution 
experiments that have been done using E5 are described in Paragraph 4.2.4. 
Table 4.3 Ring closure of 4.3l catalyzed by modified enzyme E5.a 
 









1 7 − 51 (73)b 120 36 76 91 
2    180 39 65 91 
3    240 39 50 90 
4 7.5 − 35 (46) 120 45 47 97 
5    180 48 28 96 
6    240 48 28 96 
7 7.5 DTT 33 (39) 120 50 75 95 
8    180 52 57 95 
9    240 48 39 95 
a) A solution of 200 μmol 4.3l in 0.5 mL DMSO was added to 10 mL HEPES 50 mM at the indicated pH. The 
reaction was started by adding 3 U of enzyme to the mixture; b) Value in parentheses indicates the E value 
corrected for spontaneous ring closure. 
4.2.3 Racemization catalysts 
Recently, metallocycles based on ruthenium, rhodium, and iridium were reported by 
the groups of Pfeffer38 and Davies.39 Since some of these metallocycles are active 
catalysts in transfer hydrogenation of ketones,40 it was expected that they might act as 
efficient racemization catalysts for sec-alcohols via a dehydrogenation / hydrogenation 
sequence. In preliminary experiments, iridacycle 4.8a (Scheme 4.10) was identified as 
the most effective racemization catalyst for β-haloalcohols such as 4.3a.41 Complex 4.8a 
and similar iridacycles are prepared by cyclo-iridation of the corresponding amines 4.7 
using the commercially available iridium precursor [Cp*IrCl2]2 (4.6), as illustrated in 
Scheme 4.10. 
Iridacycle 4.8a itself, a dark yellow complex, is inactive in alcohol racemization and 
needs to be activated. Treatment with potassium tert-butoxide leads to a deep-red 
complex with a much higher solubility in toluene, the solvent of choice for the 
racemization reaction (Scheme 4.11). This activated complex, with the presumable 
structure 4.9, is a very efficient catalyst for racemization of secondary alcohols. 
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Scheme 4.10 Cyclometallation of N-methylbenzylamine with [Cp*IrCl2]2. 
 
 
Scheme 4.11 Preparation of alcohol racemization catalyst 4.9. 
 
NMR and HRMS experiments are currently being performed in order to elucidate the 
exact nature of the racemization catalyst. The most probable structure is 4.9, since an 
analogous active species was observed in Ru-catalyzed racemization, where the catalyst 
precursor also needs activation by t-BuOK.19a 
 
Scheme 4.12 Synthesis of ligand 1-(benzylamino)-2-methylpropan-2-ol (4.7b). 
 
For the majority of DKR experiments, 4.9 was used as catalyst. However, also complex 
4.8b (Figure 4.3, prepared analogous to 4.8a) and 4.8c were considered as catalyst 
precursors. Ligand 4.7b (1-(benzylamino)-2-methylpropan-2-ol) was synthesized from 
benzylamine and 2,2-dimethyl-oxirane,42 as illustrated in Scheme 4.12, in order to 
mimic t-BuO− as part of the ligand. Since exchange of t-BuO− with water was 
considered an important catalyst deactivation mechanism, it was envisioned that the 
stability of the catalyst might improve if a coordinating alcohol moiety was present 
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The corresponding iridacycle 4.8b could be obtained from 4.7b and 4.6 analogously to 
4.8a. Iridacycle 4.8c was obtained from 4.6 and 4.7a (Scheme 4.10) in the presence of 
air.c Probably, the initially formed complex 4.8a is oxidized under these conditions. 
  
Figure 4.3 Iridacycles 4.8b and 4.8c. 
 
Using R-4.3a as substrate, the catalysts obtained from precursors 4.8a − c after activation 
with t-BuOK were tested for their racemization activity in toluene at room 
temperature. The results are summarized in Table 4.4. 
Using 5 mol% of 4.8a, 4.3a was completely racemized in 30 min (Table 4.4, entry 1a). 
Subsequently, a second batch of substrate was added to the reaction mixture, which was 
partly racemized (entry 1b). In a two-phase system of water and toluene, the catalyst 
prepared from 4.8a (4.9) shows activity as well (entry 2), although the reaction is slower 
than in a homogeneous system. We observed that in this two-phase system of water and 
toluene, mixing should not be too vigorous, since this inactivates the catalyst. When 
aqueous Tris-sulfate buffer is used instead of plain water, 4.9 completely racemizes R-
4.3a, although after 3 days the catalyst does not show reactivity any longer (entry 3). 
The catalyst obtained from 4.8b racemized 4.3a in 16h after activation with 1 eq of t-
BuOK. However, a second batch of 4.3a was not racemized anymore, indicating a lower 
stability of 4.8b than 4.8a (entry 4). In another racemization experiment using 4.8b as 
catalyst precursor, the ee of 4.3a was 68% after 30 min and an overnight reaction was 
required to completely racemize the compound (entry 5). This confirms the lower 
activity of the catalyst prepared from 4.8b compared to 4.9. Furthermore, it turns out 
that after this overnight reaction, the catalyst prepared from 4.8b has lost its activity, 
since a second batch of R-4.3a is no longer racemized (entry 5c). 
Also using a catalyst prepared from 4.8c, an overnight reaction was required to fully 
racemize 4.3a. Combined with the racemization results previously obtained using a 
                                                     
c Alternatively, iridacycle 4.8c can be obtained using N-benzylidenemethanamine as ligand (T. 
Jerphagnon, unpublished results). 
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number of similar iridacycles,41 it was decided to use 4.8a as a catalyst precursor in 
subsequent DKR experiments. 








1 a 4.8a 0.5 4  
 b  0.5+0.66 39 at t=0.5h, 2nd batch R-4.3a added (ee 52%) 
2 a 4.8a 16 1 toluene / H2O 
 b  16+2.33 6 at t=16h, 2nd batch R-4.3a added (ee 52%) 
3 a 4.8a 64 2 toluene / Tris-sulfate 
 b  64+2.25 53 at t=64h, 2nd batch R-4.3a added (ee 52%) 
4 a 4.8b 16 0  
 b  16+1.75 55 at t=16h, 2nd batch R-4.3a added (ee 55%) 
5 a 4.8b 0.5 68  
 b  16.75 0  
 c  18+2.5 55 at t=18h, 2nd batch R-4.3a added (ee 55%) 
6 a 4.8c 0.58 89  
 b  2.08 64  
 c  17.42 0  
a) In a thoroughly flame-dried Schlenk flask under an atmosphere of nitrogen, 10 μmol of catalyst and 12 
μmol of t-BuOK were dissolved in 3 mL of freshly distilled toluene, after which 200 μmol of R-4.3a were 
added. The reaction was monitored by periodically taking 0.1 mL aliquots from the mixture, filtering them 
over silica gel (eluent: Et2O) and analyzing the resulting samples by chiral GC. 
4.2.4 Dynamic kinetic resolution experiments 
Various combinations of substrates, enzymes, racemization catalysts, and other 
conditions have been investigated. In this paragraph, we will first discuss the 
experiments done with 2-chloro-1-phenyl-ethanol (4.3a) and 2-bromo-1-(4-
nitrophenyl)ethanol (4.3l), respectively. Next, we will discuss the general patterns that 
can be derived from those experiments, and finally treat the DKR of the remaining 
substrates. 
DKR experiments using 4.3a 
Initial screening experiments were carried out using 2-chloro-1-phenylethanol (4.3a, 
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The substrate is typically added to the reaction mixture as a solution in DMF or DMSO. 
The influence of the cosolvent on the DKR is discussed in more detail below. Enzymatic 
ring closure takes place at room temperature in aqueous buffer (pH 8), whereas the 
racemization catalyst is activated with t-BuOK in a separate vessel in freshly distilled 
toluene under an atmosphere of nitrogen, after which this solution is slowly added to 
the reaction mixture. The results of this screening are summarized in Table 4.5. 
Table 4.5 DKR experiments using substrate 4.3a, racemization catalyst precursor 4.8a, and 
















1 2 500 − − −  47 36 98 
2 2.5 300 − − −  36 63 95 
3 2 1000 − − +  43 73 >98 
4 2.5 500 − + −  42 65 >98 
5 5 50 − + +  17 4 >98 
6 5 25 − + + Trisf 47 80 >98 
7 5 50 − + − Trisf 10 2 >98 
8 5 50 DMF (0.2) + + Trisf 14 2 >98 
9 5 50 DMF (0.2) − +  15 12 >98 
10 5 100 DMF (0.4) − −  41 5 >98 
11 5 4×25g DMF (0.5) − −  33 29 >98 
12 5 100 DMF (1.0) − −  34 4 >98 
13 10 50 DMF (0.5) − −  43 14 >98 
14 20 50 DMF (0.5) − − addh 64 26 95 
15 10 50 DMSO (0.5) − −  53 72 >98 
16 10 100 DMSO (0.5) − − BSAi 90 >98 >98 
a) A general procedure for dynamic kinetic resolution can be found in the experimental section. Reactions 
were done on 200 μmol scale. The addition time of the racemization catalyst solution was 0.5 mL/h; b) Prior 
to reaction, the activity of the enzyme solution was determined to be 370 U/mL for substrate 4.3l using a 
standard spectrophotometric assay described in ref. 37; c) In between brackets the quantity of cosolvent (in 
mL) is indicated; d) Indicates if the reaction was performed under a nitrogen atmosphere and using degassed 
solvents (NB the solution of racemization catalyst is always prepared using flamedried glassware and under 
nitrogen); e) Indicates if a quantity of toluene (1 mL) was present in the reaction mixture from the outset; f) 
Tris-SO4 100 mM pH 8.1 was used as buffer; g) every 1.5h, 25 μL was added;  h) Addition 4.8a started at 50% 
substrate conversion; i) BSA (10 eq w.r.t. E4) was added to the reaction. 
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In our initial experiments, we generally observed low conversion to the epoxide, despite 
the facts that racemization was efficient (see column “ee 4.3”) and the enzyme retained 
high enantioselectivity (column “ee 4.4”). 
At first, it was considered that the problems with enzyme stability were a result of 
oxidation phenomena. Consequently, we performed a number of reactions in degassed 
solvent under a nitrogen atmosphere (entries 4 − 8). However, no effect on the course of 
the DKR was observed. In one experiment the enzyme was added in portions over time, 
in an attempt to compensate for the loss of activity, but this had an adverse effect 
(Compare entries 10 and 11). 
We noticed that the racemization catalyst slowly lost its activity in a two-phase system. 
Therefore, in a number of reactions (entries 3, 5, 6, 8, and 9) a small quantity of freshly 
distilled toluene was added at the outset of the reaction, since it was anticipated that 
having some organic solvent present from the start could help to reduce the contact 
between catalyst and water, and thus prolong catalyst lifetime. However, this 
modification had no effect. 
The stirring speed was found to have a major influence on the reaction. When the 
stirring speed is high, the racemization catalyst is quickly deactivated, and an ordinary 
kinetic resolution takes place. However, very slow or no stirring leads to a slow 
enzymatic reaction, presumably due to mass transfer limitations (entry 5). In general, 
the optimal speed has to be established by repeated experimentation. 
The buffer that is used, has some influence on the reaction performance. It had already 
been established (Table 4.1) that buffers with considerable capacity at pH 8 (the pH 
optimum for the enzymatic ring closure of 4.3a) were required. Two common buffer 
salts that satisfy this condition are Tris (2-amino-2-hydroxymethyl-1,3-propanediol) 
and HEPES, of which HEPES was most extensively used in the studies described in this 
chapter. Overall, the nature of the buffer does not seem to have a major influence on 
the course of the reaction. The volume of buffer has some influence, since the 
concentration of chloride in the solution influences the position of the chloroalcohol − 
epoxide equilibrium. Therefore, using a larger amount of buffer leads to higher 
conversions (entries 13 − 16). Release of chloride could also interfere with the 
racemization catalyst. However, the slow addition of a solution of the activated catalyst 
using a syringe pump effectively prevents these deleterious interactions, since in most 
cases the chloroalcohol is at least partly racemized at the end of the reaction (see the 
column “ee 4.3a”). 
During our studies, also the amount of enzyme was varied. Normally, all enzyme was 
added to the reaction mixture at the beginning of the reaction. An exception is 
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Unexpectedly, this approach did not lead to a higher conversion to the epoxide. The 
addition time of the racemization catalyst was initially varied, but the optimum was 
found to be 0.5 mL/h. Hence, 6 h are needed for complete addition of the catalyst 
solution. 
In the course of our investigations, it was discovered that the haloalcohol dehalogenases 
underwent irreversible deactivation and eventually denaturation under the conditions 
of the reaction. This could be observed visually, first as a turbidity of the reaction 
mixture that increased as the reaction progressed, and eventually as a definite 
precipitation in the mixture. Using gel electrophoresis and subsequent MALDI-TOF 
experiments, it was determined that this precipitation consisted mainly of peptide 
chains. Some of these chains corresponded to the mass expected for one monomer of 
the haloalcohol dehalogenase, but other chains showed a lower mass, indicating 
fragmentation of the peptide chain.  
In the absence of racemization catalyst, no such precipitation was observed. A 
conceivable deactivation pathway for the enzyme could be the initial complexation of 
the iridium catalyst to certain residues on the enzyme’s surface (notably lysine 
residues), followed by iridium-assisted fragmentation of the peptide chain. 
A practical solution to avoid enzyme deactivation was found in starting the addition of 
racemization catalyst when the conversion of 4.3a had reached almost 50% (entry 14). 
This approach led to a significant improvement in product yield. Finally, switching to 
DMSO as a cosolvent and adding an excess of bovine serum albumine (BSA) to the 
reaction mixture made it possible to reach full conversion to enantiopure epoxide 4.4a, 
even when addition of the racemization catalyst was started at the outset of the reaction 
(entry 16). The reasons for the effect of BSA on the reaction are not fully understood in 
the present case. Perhaps, BSA helps to diminish interactions between the iridium 
catalyst and the enzyme at the organic-aqueous interface, by virtue of its abundance in 
the reaction mixture.d Alternatively, the well-known property of albumin to bind 
reversibly to a wide variety of ligands could play a role.43 
Another possibility to improve enzyme stability, not yet investigated in our system, is 
the treatment of the enzyme with a nonionic surfactant such as polyoxyethylene(10)-n- 
cetyl ether (n-C16H33(OCH2CH2)nOH, n ~10; trade name, Brij 56) prior to use in DKR. It 
is known from the literature that subtilisin shows a much higher activity and stability 
in the presence of organic solvents after treatment with Brij 56, than when the enzyme 
is used in its natural state.22 
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DKR experiments using 4.3l 
In addition to our experiments with chloroalcohol 4.3a, bromoalcohol 4.3l was used in 
the screening of suitable DKR conditions. Conditions were generally analogous to those 
used for 4.3a. Thus, catalyst precursor 4.8a (5 mol%) and enzyme E4 were used. 
Substrate 4.3l (0.2 mmol) is typically added to the reaction mixture as a solution in 0.5 
mL of DMF or DMSO. Enzymatic ring closure takes place at room temperature in 
aqueous buffer, however at a pH of 7.5 instead of 8 to suppress non-enzymatic ring 
closure of the bromoalcohol (vide infra). The racemization catalyst was activated with 
t-BuOK in a separate vessel in freshly distilled toluene under an atmosphere of 
nitrogen, after which this solution was slowly added to the reaction mixture. The 
results of these screening experiments are summarized in Table 4.6. 
The use of a bromoalcohol as substrate has a number of consequences for the reaction. 
For instance, bromoalcohols are more prone to non-selective chemical ring closure than 
the corresponding chloroalcohols. Therefore, slightly lower ee's are to be expected and 
the product ee's are expected to diminish over time. The higher reactivity can have the 
positive effect that the DKR may be finished before the enzyme is completely 
deactivated, in other words, we were expecting higher conversions than using 4.3a. On 
the other hand, bromide is a better nucleophile in the ring opening of epoxides than 
chloride. This should lead to an equilibrium reaction, so 100% conversion cannot be 
expected when bromoalcohols are employed in this DKR. 
The initial conditions we tested using 4.3l were largely based on our previous 
experiments using 4.3a. DKR experiments of 4.3l at pH 8 led to a low product ee 
(entries 1 and 2), hence subsequent reactions were conducted at pH 7.5. The conversion 
generally reaches high values if buffer volumes of ≥10 mL are used (e.g. entries 2,3, and 
5). However, when the racemization catalyst is added with 1.0 mL/h instead of 0.5 
mL/h, the enzyme is deactivated before high conversions are reached (entry 4). 
It is necessary to add the substrate as a solution in a suitable cosolvent, since crystalline 
4.3l is not sufficiently soluble in the aqueous reaction medium. As for 4.3a, two 
different cosolvents were tested in the DKR of 4.3l: DMF (entries 1 − 5) and DMSO 
(entries 8 − 24). Results with DMSO were superior to those obtained using DMF. Also, 
DMSO was noticeably better in dissolving 4.3a in the aqueous reaction medium, 
possibly because of its slightly higher polarity.44 In two experiments, 4.3l was added as a 
solution in toluene (entries 6 and 7). This led to a constant but low ee if the solution 
was added at once (entry 6a and b) or to an ee that increased during the course of the 
reaction but remained low overall if the substrate solution was added dropwise, like the 
racemization catalyst (entries 7a − c). Using DMSO as cosolvent gave better results, with 
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Conducting the reaction at pH 7 was expected to show improvements in 
enantioselectivity, but the results turned out to be comparable with the reaction at pH 
7.5 (Compare entries 9 and 10 with entry 8). However, there is an influence on the 
conversions, which are lower. Presumably, at lower pH the position of the equilibrium 
shifts to the left. In this particular case, the addition rate of the solution of racemization 
catalyst (0.5 mL/h vs. 1.0 mL/h) does not have a major influence on enantioselectivity.  
Variation of the addition rate of the racemization catalyst was systematically examined 
at pH 7.5. A gradient in addition rate was tested (gradient from fast addition in the 
beginning towards slower addition at the end), but this did not have a significant effect 
(entry 11). The addition rate of the racemization catalyst was varied in two other 
experiments (entries 12 and 13). These experiments confirm that the epoxide is initially 
produced with high ee (around 85%), however the ee decreases, since the enzymatic 
conversion slows down over time, while the rate of chemical ring closure is constant 
(entry 12b). 
Since the rate of enzymatic conversion is proportional to the enzyme concentration, 
whereas chemical ring closure is constant at a given concentration of substrate, it would 
be expected that lowering the amount of enzyme leads to a lower ee. Remarkably, 
however, lowering the amount of enzyme has no influence on the enantioselectivity of 
ring closure, but only affects the conversion (entry 14). 



















1  50 5 DMF 0.5 16 74 58 54 pH 8 
2  50 10 DMF 0.5 17 90 51 79 pH 8 
3  50 10 DMF 0.5 16 81 23 87  
4  50 10 DMF 1.0 3.5 59 41 78  
5  50 20 DMF 0.5 20 89 55 83  
6 a 50 10 toluene 0.6 2.5 36 8 77  
 b     6.5 61 4 77  
7 a 50 10 toluene 0.6 3 27 3 54 slow addn. 4.8a, 4.3ld 
 b     4.5 26 4 60  
 c     22 71 83 68  
8  50 10 DMSO 0.5 16 86 65 90  
9  50 10 DMSO 0.5 22 75 51 89 pH 7.06 
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10  50 10 DMSO 1.0 6 65 39 90 pH 7.06 
11  50 10 DMSO grade 6.5 68 − 86  
12 a 100 10 DMSO 1.0 6 79 20 84  
 b     22 88 75 78  
13 a 100 10 DMSO 2.0 1 52 5 85  
 b     16 84 79 68  
14  25 10 DMSO 0.5 30 57 − 87  
15 a 50 10+3f DMSO 1.2 3.5 60 10 73 slow add 4.8a, E4f 
 b     6.5 72 35 70  
16 a 50 10+3f DMSO 2.4 1.5 27 6 81 slow add 4.8a, E4f 
 b     23 78 83 67  
17  50 10 DMSO 0.6 27.5 74 49 78 IRA-458g 
18 a 50 10 DMSO 0.6 4 64 28 82 t-PentOK 
 b     22 84 86 78  
19  50 10 DMSO 0.6 23 87 85 71 t-PentOK + IRA-458g 
20  50 10 DMSO 1.2 22 90 89 58 HEPES 500 mM 
21 a 50 10 DMSO 1.2 2.5 54 12 83 BSAh 
 b     19 85 82 65  
22 a 2×50i 10 DMSO 1.2 1.5 52 12 84 BSA + IRA-458g 
 b     22 85 86 62  
23  100 10 DMSO 0.6 23 90 84 71 BSA 
24  4×25j 10 DMSO 0.6 22 90 87 68 BSA 
a) All reactions were allowed to run for a minimum of 16 h. For a general procedure, see experimental 
section; b) The activity of the enzyme solution was determined to be 370 U/mL prior to reaction by a 
spectrophotometric assay described in ref. 37; c) In all cases, 0.5 mL of cosolvent was used; d) Both the 
substrate (dissolved in 3 mL of toluene) and the catalyst solution were slowly added to the reaction mixture; 
e) A gradient in addition rate was used: 1.5 mL/h for 50 min, then 0.8 mL/h for 75 min, and finally 0.5 mL/h 
for 90 min; f) Both the racemization catalyst and the enzyme (dissolved in 3 mL of buffer solution) were 
added slowly; g) Amberlite™ IRA-458 is a strongly basic anion exchange resin; h) Bovine serum albumine; i) 
Second batch of E4 added after 1.5 h; j) A new batch (25 μL) was added every 30 min. 
A number of strategies were tested to improve the stability and activity of the enzyme. 
Portionwise addition of the enzyme was used (entries 22 and 24) but this did not lead to 
improvement (compare e.g. entries 23 and 24). Thus, although good conversions are 
reached, the final ee is on the low side. Also, the slow addition of both the racemization 
catalyst and the enzyme solution did not increase the ee of the reaction (entries 15 and 
16). In these two experiments, also the influence of addition rate was investigated (1.2 
mL/h vs. 2.4 mL/h). As in similar experiments (entries 12 an 13), this influence turns 
out to be minor. 
The bromide that is released during ring closure, is not only a nucleophile in the reverse 
reaction, but it is also an inhibitor of the enzyme.37 Therefore, we investigated the use 








  Chapter 4 - Dynamic Kinetic Resolution of Haloalcohols.doc 
Chapter 4 
 
and ee. We used AmberliteTM IRA-458, a commercially available ion exchange resin 
based on a quaternary ammonium chloride. Since chloride is also a nucleophile in the 
ring opening of the epoxide, as well as an inhibitor of the enzyme,e the chloride was 
replaced by sulfate by repeated washing with concentrated sulfuric acid, after which 
the resin was used as an additive in DKR experiments (Table 4.6, entries 17, 19, and 22). 
However, no improvement on the reaction was observed.  
To diminish interactions of the racemization catalyst and the enzyme, the racemization 
catalyst was activated using potassium tert-pentoxide, which is more hydrophobic than 
t-BuOK and should give the catalyst more affinity for the organic phase. However, it 
can be seen in entries 18 and 19 that this approach was unsuccessful. It is known that 
HheC-type enzymes generally are more stable in media with a high salt concentration.45 
However, in our hands a 10-fold increase in buffer strength led to a disappointing 
enantioselectivity (entry 20). Notably, the addition of BSA did not lead to improvement 
in results, contrary to the DKR of 4.3a. In entries 21 − 24 it is shown that, although 
conversions of 90% are reached, the ee of the product is rather low, despite addition of 
BSA and addition of the enzyme in portions. 
Table 4.7 DKR of 4.3l using various enzymes.a 
 






ee 4.3l ee 4.4e 
1 a E1 DMF 0.5 16 91 23 41 
2 a E3 DMSO 2.0 4.5 74 25 82 
 b    21 87 79 73 
3 a E3 DMSO 4.0 1 49 11 91 
 b    4.5 72 53 77 
 c    21 86 93 63 
a) For a general procedure, see the experimental section; b) The activity of enzyme added to the reactions was 
18.5 U, determined prior to reaction under standard enzymatic kinetic resolution conditions using the 
photospectrometric method described in Ref. 37; c) 0.5 mL of the indicated cosolvent was used. 
When the reactions are followed over time (the results are shown for a number of 
experiments in Table 4.6), it can be seen that often the epoxide is initially produced 
                                                     
e According to Ref. 37, the inhibition constant I50 for the ring closure of 250 μM (R)-4.3e (i.e. the 
nucleophile concentration at which the initial rate of ring closure of 250 μM (R)-4.3e is 50% of 
the initial rate in the absence of the nucleophile) is 4.3 mM for Br− and 13 mM for Cl−. 
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with high enantioselectivity, while in a later stage the ee drops. This effect seems to be 
most pronounced when high addition rates of the racemization catalyst are used 
(entries 13, 16, and 22). 
A number of DKR experiments of 4.3l were done with enzymes E1 and E3. The results 
are listed in Table 4.7. Conditions are analogous to those used in Table 4.6. 
A good conversion but low ee are obtained when wild-type HheC (E1) is used in this 
DKR (entry 1). This finding confirmed what was already predicted based on earlier 
kinetic resolution experiments (Table 4.2), although the effect is slightly more 
pronounced than expected. The use of the highly enantioselective Trp249Phe mutant of 
HheC (E3) did not lead to a breakthrough in our DKR experiments (entries 2 and 3). It 
was observed that enzyme E3 was more susceptible than E4 to the denaturation 
phenomena described earlier. This can also be concluded from the fact that the 
enantioselectivity of the ring closure strongly decreased during the course of the 
reaction (entries 2 and 3). This observation led to the choice of employing primarily E4 
in our DKR experiments.  
In conclusion, the best results for the DKR of 4.3l are given in Table 4.6, entry 8, 
employing enzyme E4 and Ir-catalyst 4.8a (86% conversion, 90% ee). 
Dynamic kinetic resolution using other enzymes, racemization catalysts, and substrates. 
The modified HheC variant E5 was also tested as the enzyme in this DKR. The results 
are depicted in Table 4.8. Using substrate 4.3a, a very low conversion is reached (entry 
1). Also with 4.3l, conversions are disappointing (maximum 80%, entry 3b), although 
ee's are good (e.g. entries 2 and 4a). 
Furthermore, the two Ru-based catalysts 4.118 and 4.219 were tested in the DKR of 
substrate 4.3l. These experiments showed that the performance of 4.8b, 4.1, and 4.2 was 
inferior to 4.8a, as illustrated in Table 4.9. It can be seen that under biphasic DKR 
conditions, these racemization catalysts are quickly deactivated (see column “ee 4.3l”), 
leading to a low product ee when the conversion exceeds 50% (entries 2, 3c, and 4c). 
Finally, all substrates 4.3, listed in Figure 4.2, were tested using the optimal conditions 
established for 4.3l. The best results for each substrate are given in Table 4.10. 
Styrene oxide 4.4a was obtained from 4.3a in 90% conversion and with an excellent ee 
of >98% (entry 1; see also Table 4.5). Product 4.4b (2-(4-fluorophenyl)oxirane) was 
formed in low ee (entry 2). Chloroalcohols 4.3c – 4.3g were converted to their 
corresponding epoxides with excellent ee (91 – 98%, entries 3 – 8). However, the 
conversions were dependent on the substrate, ranging from 28% for the sterically 
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was also reacted at a scale of 1 mmol, with similar results compared to the reaction on 
analytical scale (entry 6). Using m-methoxy substituted 4.3h, epoxide 4.4h was obtained 
in 64% conversion and with aan ee of 85% (entry 9). The aliphatic chloroalcohol 4.3i 
was subjected to DKR conditions, but could not be racemized using 4.8a, resulting in a 
static enzymatic kinetic resolution (entry 10). 














1  4.3a 0.6 22 25 39 >98  
2 a 4.3l 0.6 6 60 9 89 pH 7 
 b   22 62 12 88  
3 a 4.3l 0.6 5.5 70 6 82  
 b   24 80 12 78  
4 a 4.3l 1.2 3 57 8 85  
 b   22 69 27 80  
a) For a general procedure, see the experimental section. 













1 a 4.1 2.0 2.5 56 83 72 
 b   6.5 62 93 59 
 c   22.5 73 93 35 
2 a 4.2 2.0 1.5 53 76 87 
 b   4.5 57 92 71 
 c   22 65 >98 51 
3 a 4.8a 2.0 4.5 74 25 82 
 b   21 87 79 73 
4  4.8b 1.0 16 90 >98 13 
a) For a general procedure, see the experimental section. 
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Compared to chloroalcohols, bromoalcohols 4.3j – 4.3q in general lead to lower ee's, due 
to their higher rate of chemical ring closure leading to the racemic product. 
Furthermore, conversions are often incomplete, due to the reversibility of the reaction. 
For instance, styrene oxide 4.4a is obtained from 4.3j in 57% conversion and with an ee 
of 56% (entry 11, cf. entry 1). Better results were obtained using 4-(2-bromo-1-
hydroxyethyl)benzonitrile (4.3k), which was converted to the corresponding epoxide 
4.4d in 89% conv. and 86% ee (entry 12, cf. entry 4). 
The DKR of 4.3l resulted in a conversion of epoxide 86% to 4.4e, with an ee of 90% 
(Table 4.10, entry 13, cf. Table 4.6, entry 5). Epoxide 4.4f (2-(3-nitrophenyl)oxirane) 
was obtained from bromoalcohol 4.3m with good conversion (86%), but low ee (43%, 
entry 14). The ee of substrate 4.3m is 4% at this point, indicating an efficient 
racemization reaction. Therefore, we conclude that the low ee of product 4.4f is due to 
a lack of enantioselectivity of the enzymatic conversion using substrate 4.3m. 
More detailed data were obtained using 2-bromo-1-(naphthalen-2-yl)ethanol (4.3n). 
The E-value for 4.3n using E4 is 40. The racemization of 4.3n was tested in toluene, 
using an equimolar mixture of S-4.3n and R-4.4j (both ee > 98%) and 5 mol% of 4.8a 
(w.r.t. S-4.3n) activated with one equivalent of t-BuOK. After 1 h and 20 min, the ee of 
4.3n had decreased to 24%, however the ratio of 4.4j vs. 4.3n was now found to be 
87:13, leading us to conclude that this substrate is rather susceptible to non-selective 
ring closure. After 18 h, the ratio 4.4j / 4.3n ratio again was found to be 87:13, whereas 
4.3n had an ee of 8%. The DKR results for 4.3n are summarized in Table 4.10, entry 15. 
Despite racemization of the substrate, the conversion to the epoxide does not exceed 
41%. When the reaction is allowed to proceed overnight, the conversion stays the same 
while the product ee drops from 82% (entry 15) to 66% (not shown in the table). The 
most likely explanation is that the reaction 4.3n → 4.4j has reached equilibrium at a 
conversion of 41%. A reaction conducted at pH 8 (not shown in the table) led to a 
conversion to 4.4j of 83%, but with a disappointing ee of 13%. 
Also using 4.3o, we experienced difficulties with the racemization reaction, as outlined 
in Table 4.10, entry 16. Product 4.4k was unstable under the conditions of this DKR, it 
probably hydrolyzed (cf. the epoxides in Chapter 3). However, the kinetic resolution of 
substrate 4.3q is highly efficient, the remaining enantiomer S-4.3q having an ee of >98% 
(entry 10). 
For 4.3p, a chiral separation method could only be established for product 4.4l, not for 
the starting materials. Thus, information concerning racemization has to be inferred 
from the data shown in entry 17. At near-neutral pH, the epoxide 4.4l is obtained with 
an ee of 82% but the conversion is only 42%, amounting to an ordinary kinetic 
resolution of substrate 4.3p (entry 17). In a reaction at pH 8, a conversion of 57% was 
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ring closure to the formation of the product (not shown in the table). Probably, 
racemization is slow or even absent for this substrate. 













1 4.3a 16 90 >98 4.4a 98  
2 4.3b 22 60 72 4.4b 78  
3 4.3c 16 58 n.d.c 4.4c 98  
4 4.3d 16 67 n.d.c 4.4d 95  
5 4.3e 16 80 78 4.4e 95  
6 4.3e 24 76 49 4.4e 97 1 mmol scaled 
7 4.3f 16 75 n.d.c 4.4f 97  
8 4.3g 16 28 n.d.c 4.4g 91  
9 4.3h 16 64 n.d.c 4.4h 85  
10 4.3i 16 50 84 4.4i 72  
11 4.3j 21 57 >98 4.4a 56  
12 4.3k 18 89 78 4.4d 86  
13 4.3l 16 86 65 4.4e 90  
14 4.3m 16 79 16 4.4f 52  
15 4.3n 5.5 41 30 4.4j 82  
16 4.3o 6 48 84 4.4k 46  
17 4.3p 5 46 n.d.c 4.4l 82  
18 4.3q 6 50 >98 No producte No producte  
a) Reactions were performed on 200 μmol scale and run overnight. If the indicated time is shorter than that, 
the optimal results are shown and further reaction did not improve them. The catalyst solution was added at a 
rate of 0.6 mL/h. 6 U of enzyme were used, enzyme activity was routinely measured on substrate 4.3l using 
the photospectrometric method described in Ref. 37; c) Not determined; d) Reaction performed at 1 mmol 
scale. 300 μL of enzyme solution were initially added, after 16h 100 μL extra enzyme was added; e) No 
product was obtained. 
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Finally, the product of the ring closure of 4.3q is hydrolytically unstable. Under DKR 
conditions, no product was obtained, but a highly efficient enzymatic kinetic 
resolution, leading to (S)-4.3q in >98% ee (entry 18, see Chapter 3 for similar examples 
of enzymatic kinetic resolution). 
To summarize, numerous variations on this general scheme have been tested in the 
course of our studies. These variations include changes in racemization catalyst, catalyst 
addition rate, substrate structure, buffer composition, buffer strength, pH, and volume. 
HEPES buffer at 50 mM was found to give best results, the pH optimum is 7.5 for 
bromoalcohols and 8.0 for chloroalcohols, and, using 0.2 mmol of substrate and 0.5 mL 
of DMF, a buffer volume of 10 mL was found to be optimal (using more has little effect, 
using less complicates reactions by allowing unfavorable equilibria to establish). DMSO 
as a cosolvent was found to be compatible with our reaction conditions. When the use 
of cosolvent was completely avoided, both rate and enantioselectivity of the reaction 
were disappointingly low. Using these optimzed conditions, epoxides can be obtained in 
high conversion and with excellent ee from racemic haloalcohols (Table 4.10, in 
particular entries 1, 3 – 7, 9, 12, and 13). 
4.3 Conclusions and outlook 
A dynamic kinetic resolution has been developed that uses a haloalcohol dehalogenase 
in combination with a novel iridium catalyst for racemization. This is the first 
chemoenzymatic DKR using haloalcohol dehalogenases, giving optically active epoxides 
from racemic haloalcohols in a single step. The optimal results we obtained for all 
substrates 4.3 are summarized Table 4.10. 
A future development might consist of lipase-catalyzed acylation of vicinal 
haloalcohols, followed by ring closure to the corresponding epoxides, ideally in a one-
pot procedure. Although preliminary experiments with 4.3a, 4.8a and Novozym 43516 
have not yet led to the identification of a suitable combination of acyl donor, lipase and 
racemization catalyst, the approach is expected to work based on various examples in 
the literature.4 
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This DKR might be extended by using catalyst 4.8a or a similar complex as catalyst for 
transfer hydrogenation of the corresponding haloketones and as racemization catalysts 
of the resulting haloalcohols. Previous research by Park et al. indicates that this 
approach could be practical.24 The sequence of reactions, which would constitute a 
novel and competitive method for the preparation enantiopure epoxides from 
haloketones, is outlined in Scheme 4.13. It would be complementary to other 
chemoenzymatic procedures for the preparation of enantiopure epoxides from 
haloketones.46 
4.4 Experimental section 
4.4.1 General remarks 
For general information, see Chapters 2 and 3. 
4.4.2 Synthesis of haloalcohols 4.3 
Racemic 4.3a is available from Alfa Aesar. 
The synthesis of 4.3c, 4.3d, and 4.3f – 4.3h was performed by F. Berthiol. 
Haloalcohols 4.3b and 4.3j – 4.3q were synthesized by reduction of the corresponding 
haloketones using sodium borohydride. Purification was achieved by recrystallization 
from CH2Cl2 / n-pentane in the case of solid compounds. In those cases where the crude 
products were oils, they were purified by column chromatography over silica gel using 
mixtures of n-pentane and Et2O as eluent. A typical procedure is given: 
2-Bromo-1-(4-bromophenyl)ethanone (5.02 g, 18.06 mmol) was dissolved in 100 mL of 
MeOH. This solution was brought to 0 °C using an ice bath. Subsequently, NaBH4 (205 
mg, 5.42 mmol) was added in portions. After the addition, the ice bath was removed 
and the mixture was allowed to stir for one hour at rt. The reaction mixture was then 
concentrated in vacuo and subsequently diluted with water. This aqueous mixture was 
extracted with Et2O (3x), the combined organic fractions were washed with aqueous 
NH4Cl (sat.) and brine, respectively, and dried over MgSO4. After filtration, the solvent 
was removed under reduced pressure. The crude product was purified by 
recrystallization from CH2Cl2 / n-pentane, yielding 4.775 g (17.1 mmol, 94%) of 4.3p. 
Haloalcohols 4.3e – 4.3g were synthesized by ring opening of the corresponding 
epoxides using copper(II) chloride and lithium chloride.30 Purification was achieved by 
recrystallization from CH2Cl2 / n-pentane in the case of solid compounds. In case the 
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crude products were oils, they were purified by column chromatography over silica gel 
using mixtures of n-pentane and AcOEt as eluent. A typical procedure is given for 4.3e: 
A flame-dried Schlenk vessel under an atmosphere of nitrogen was charged with LiCl 
(1.05 g, 25 mmol) and CuCl2 (1.68 g, 12.5 mmol). Subsequently, freshly distilled THF 
(22 mL) was added. After stirring the mixture for 30 min at rt, a solution of p-
nitrostyrene oxide 4.4e (825 mg, 5 mmol) in 5 mL of freshly distilled THF was added 
dropwise to the reaction. The mixture was allowed to stir at room temperature for 16 h, 
after which the reaction was quenched by the addition of aqueous HEPES buffer (50 
mM, pH 7) and extracted with Et2O (3×). The combined organic layers were washed 
with brine, dried over MgSO4, filtered and concentrated in vacuo. The crude product 
(944 mg) was recrystallized from CH2Cl2 / n-pentane, giving 743 mg (3.69 mmol, 74%) 
of pure 4.3e. 
Haloalcohols 4.3c, 4.3d, 4.3h, and 4.3i were synthesized by addition of 
chloromethyllithium to the corresponding aldehydes, using chloroiodomethane and n-
butyllithium.29 Purification was achieved by column chromatography over silica gel 
using mixtures of n-pentane and AcOEt as eluent. A typical procedure is given for 4.3h: 
A flame-dried Schlenk vessel was charged with m-anisaldehyde (1.5 g, 11 mmol) and 
freshly distilled THF (30 mL) was added. The mixture was then stirred at −78 °C, and 
chloroiodomethane (2.91 g, 16.5 mmol) was added to the mixture. Then n-butyllithium 
(10.4 mL of a 1.6M solution in hexane, 1.5 equiv.) was added dropwise by syringe over 
30 min. After addition, the mixture was stirred at −78 °C for 1 h, after which the 
reaction was quenched by the addition of 30 mL of aqueous NH4Cl (sat.) and the 
mixture was allowed to warm to room temperature. After addition of 20 mL of Et2O to 
the mixture, the phases were separated, and aqueous layer was extracted with Et2O (2×). 
The combined organic layers were dried over MgSO4, filtered and concentrated in 
vacuo. The crude product was purified by column chromatography over silica gel (n-
pentane / AcOEt 19:1), yielding 412 mg of m-anisaldehyde (27% recovery) and 1.49 g (8 
mmol, 72%) of pure 4.3h. 
2-Chloro-1-phenylethanol (4.3a)25 
 1H NMR (CDCl3) δ 7.38 − 7.29 (m, 5H), 4.88 (dt, J = 8.8, 3.3 Hz, 1H), 3.73 
(dd, J = 11.0, 3.3 Hz, 1H), 3.63 (dd, J = 11.0, 8.8 Hz, 1H), 2.68 (d, J = 3.3 Hz, 1H); 13C 
NMR (CDCl3) δ 139.9 (s), 128.6 (d), 128.4 (d), 126.0 (d), 74.0 (d), 50.8 (t); MS (EI+) m/z = 
156 (M+), 152, 141, 139, 107, 105, 91, 79, 77, 51; chiral GC: Chiraldex G-TA, 30 m x 0.25 
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95°C, hold 10 min, 10°C/min to 125°C, hold 20 min, 10°C/min to 50°C, Tr = 11.7 min (S-
4.4a), 14.1 min (R-4.4a), 24.4 min (R-4.3a), 26.1 min (S-4.3a).f 
2-Chloro-1-(4-fluoro-phenyl)-ethanol (4.3b)25 
1H NMR (CDCl3) δ 7.36 − 7.32 (AA'MM' m, 2H), 7.07 − 7.02 (AA'MM' 
m, 2H), 4.86 (dd, J = 8.8, 3.3 Hz, 1H), 3.69 (dd, J = 11.0, 3.3 Hz, 1H), 3.59 (dd, J = 11.0, 
8.8 Hz, 1H), 2.69 (s, 1H); 13C NMR (CDCl3) δ 162.6 (d, 1JC-F = 246.8 Hz), 135.7 (d, 4JC-F = 
3.3 Hz), 127.8 (dd, 3JC-F = 8.1 Hz), 115.5 (dd, 2JC-F = 21.4 Hz), 73.4 (d), 50.7 (t); MS (EI+) 
m/z = 174 (M+), 126, 125, 123, 97, 95, 77; HRMS (EI+) calcd. for C8H835ClFO: 174.0248, 
measured: 174.0240; chiral chiral GC: Chiraldex G-TA, 30 m x 0.25 mm x 0.25 μm, He-
flow: 0.5 mL/min, temperature program: start 50°C, 10°C/min to 95°C, hold 10 min, 
10°C/min to 125°C, hold 20 min, 10°C/min to 50°C, Tr = 12.1 min (R-4.4b), 13.1 (S-4.4b), 
23.6 (R-4.3b), 26.1 (S-4.3b), or: Chiraldex B-PM, 30 m x 0.25 mm x 0.25 μm, He-flow: 
1.1 mL/min, 50°C to 180°C 5°C/min, hold 5 min, 10°C/min to 50°C, Tr = 21.7 min (4.4b), 
22.1 min (4.4b), 23.4 min (4.3b), 23.9 min (4.3b). 
2-Chloro-1-(4-trifluoromethyl-phenyl)-ethanol (4.3c) 
 1H NMR (CDCl3) δ 7.62 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 
4.93 (dd, J = 8.0, 3.6 Hz, 1H), 3.73 (dd, J = 11.6, 3.6 Hz, 1H), 3.52 (dd, J = 11.6, 8.0 Hz, 
1H), 3.36 (s, 1H); 13C NMR (CDCl3) δ 144.1, 130.8 (q, 2JC-F = 32.3 Hz), 126.7, 125.8 (q, 3JC-
F = 3.7 Hz), 130.8 (q, 1JC-F = 269.9 Hz), 73.6, 50.6; HRMS (EI+) calcd. for C9H8OF335Cl: 
224.0216, found: 224.0225; chiral HPLC: Chiralpak AS, 40 °C, n-heptane/IPA 100:0, 1.0 
mL/min, Tr = 8.9 min (R-4.4c), 10.8 min (S-4.4c), 56.0 min (R-4.3c), 60.9 min (S-4.3c). 
                                                     
f Varying amounts of 2-phenylacetaldehyde - a common rearrangement product of styrene oxide 
- were observed in GC measurements (Tr = 12.4 min). This compound was never observed using 
other techniques of analysis (e.g. NMR), furthermore a chemically pure sample of styrene oxide 
also shows a peak of phenylacetaldehyde on GC. Therefore, we conclude that the rearrangement 
resulting in the formation of 2-phenylacetaldehyde takes place on the GC column. See also J. W. 
de Boer, cis-Dihydroxylation and Epoxidation of Alkenes by Manganese Catalysts, PhD thesis, 
University of Groningen, 2008. 
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4-(2-Chloro-1-hydroxy-ethyl)-benzonitrile (4.3d) 
 1H NMR (CDCl3) δ 7.59 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.04 Hz, 2H), 
4.94 (dd, J = 7.6, 3.6 Hz, 1H), 3.70 (dd, J = 11.2, 4.0 Hz, 1H), 3.60 (dd, J = 11.2, 8.0 Hz, 
1H), 3.53 (s, 1H); 13C NMR (CDCl3) δ 145.9, 132.6, 127.2, 118.9, 111.9, 73.3, 50.2; HRMS 
(EI+) calcd. for C9H8NOCl: 181.0294, found: 181.0305; chiral HPLC: Chiralpak AD, 
40°C, n-heptane/IPA 99.25:0.75 20 min, gradient (1 min) to 95:5, hold 24 min, gradient 
(1 min) to 99.25:0.75, hold 14 min (total time: 60 min), 1.0 mL/min, Tr = 19.5 min (R-
4.4d), 21.3 min (S-4.4d), 47.0 min (R-4.3d), 48.9 min (S-4.3d). 
2-Chloro-1-(4-nitro-phenyl)-ethanol (4.3e)30 
 1H NMR (CDCl3) δ 8.22 (AA'XX' d, Japp = 8.8 Hz, 2H), 7.57 (AA'XX' d, 
Japp = 8.8 Hz, 2H), 5.02 (dt, J = 8.1, 3.7 Hz, 1H), 3.77 (dd, J = 11.4, 3.7 Hz, 1H), 3.62 (dd, J 
= 11.4, 8.1 Hz, 1H), 2.83 (d, J = 3.7 Hz, 1H); 13C NMR (CDCl3) δ 146.8 (s), 127.0 (d), 
123.8 (d), 73.0 (d), 50.3 (t); MS (EI+) m/z = 201 (M+), 152, 106, 94, 77, 63, 51; HRMS 
(EI+) calcd. for C8H835ClNO3: 201.0192, found: 201.0204; chiral HPLC: Chiralcel AS, 40 
°C, n-heptane/IPA 93:7, 1.0 mL/min, Tr = 10.0 min (R-4.4e), 13.1 min (S-4.4e), 17.9 min 
(R-4.3e), 21.3 min (S-4.3e). 
2-Chloro-1-(3-nitro-phenyl)-ethanol (4.3f)47 
 1H NMR (CDCl3) δ 8.26 (s, 1H), 8.16 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 
7.5 Hz, 1H), 7.55 (t, J = 8.1 Hz, 1H), 5.03 (dd, J = 8.1 Hz, 1H), 3.78 (dd, J = 11.1, 3.9 Hz, 
1H), 3.66 (dd, J = 11.1, 8.1 Hz, 1H), 3.27 (s, 1H); 13C NMR (CDCl3) δ 148.2, 142.4, 132.5, 
129.9, 123.5, 121.5, 73.1, 50.5; HRMS (EI+) calcd. for C8H835ClNO3: 201.0193, found: 
201.0202; Chiralpak AD, 40°C, n-heptane/IPA 99.25:0.75 20 min, gradient (1 min) to 
95:5, hold 24 min, gradient (1 min) to 99.25:0.75, hold 14 min (total time: 60 min), 1.0 












 1H NMR (CDCl3) δ 7.99 (d, J = 7.8 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.69 (t, 
J = 7.8 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 5.48 (d, J = 6.8 Hz, 1H), 4.01 (dd, J = 11.1, 3.0 Hz, 
1H), 3.66 (dd, J = 11.1, 7.8 Hz, 1H), 3.10 (s, 1H); 13C NMR (CDCl3) δ 147.9, 135.7, 134.1, 
129.4, 128.9, 125.0, 69.7, 50.2; Elem. Anal.: calcd. C, 47.66; H, 4.00; N, 6.95; found C, 
48.13; H, 4.04; N, 6.86; chiral HPLC: Chiralpak AS, 40 °C, n-heptane/IPA 93:7, 1.0 
mL/min, Tr = 5.7 min (R-4.4g), 6.5 min (S-4.4g), 10.0 min (R-4.3g), 10.7 min (S-4.3g). 
2-Chloro-1-(3-methoxy-phenyl)-ethanol (4.3h)49 
 1H NMR (CDCl3) δ 7.25 (t, J = 8.0 Hz, 1H), 7.02 - 6.92 (m, 3H), 4.90 - 
4.72 (m, 1H), 4.00 - 3.27 (m, 6H); 13C NMR (CDCl3) δ 160.0, 142.2, 129.9, 118.7, 114.1, 
112.0, 74.2, 55.5, 50.7; HRMS (EI+) calcd. for C9H1135ClO2: 186.0448, measured: 
186.0455; chiral HPLC: Chiralpak AS, 40 °C, n-heptane/IPA 99:1, 1.0 mL/min, Tr = 8.1 
min (R-4.4h), 11.5 min (S-4.4h), 24.6 min (R-4.3h), 25.9 min (S-4.3h). 
2-Chloro-1-cyclohexyl-ethanol (4.3i)50 
 1H NMR (CDCl3) δ 3.68 (d, J = 8.8 Hz, 1H), 3.54 (d, J = 8.8 Hz, 1H), 2.09 
(d, J = 4.4 Hz, 1H), 1.89 (d, J = 12.8 Hz, 1H), 1.76 − 1.72 (m, 2H), 1.67 − 1.63 (m, 2H), 
1.54 − 1.44 (m, 1H), 1.34 − 1.02 (m, 6H); 13C NMR (CDCl3) δ 75.6 (d), 49.1 (t), 41.2 (d), 
28.9 (t), 28.3 (t), 26.2 (t), 26.0 (t), 25.9 (t); MS (EI+) m/z = 113, 105, 95, 83, 82, 69, 67, 55; 
MS (CI+) m/z = 180 (M+NH4+); HRMS (EI+) calcd. for C7H13O+: 113.0966, found: 
113.0962; chiral GC: CP Chiralsil Dex CB, 25 m x 0.25 mm x 0.25 μm, He-flow: 1.0 
mL/min, temperature program: start 50°C, 5°C/min to 103°C, hold 5 min, 10°C/min to 
160°C, hold 5 min, 10°C/min to 50°C, Tr = 13.8 min (R-4.4i), 14.0 min (S-4.4i), 22.1 min 
(S-4.3i), 23.2 min (R-4.3i). 
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2-Bromo-1-phenylethanol (4.3j)25 
 1H NMR (CDCl3) δ 7.38 − 7.29 (m, 5H), 4.91 (dt, J = 8.8, 3.3 Hz, 1H), 3.63 
(dd, J = 10.6, 3.3 Hz, 1H), 3.53 (dd, J = 10.6, 8.8 Hz, 1H), 2.63 (d, J = 2.9 Hz, 1H); 13C 
NMR (CDCl3) δ 140.3 (s), 128.6 (d), 128.4 (d), 125.9 (d), 73.7 (d), 40.1 (t); MS (EI+) m/z = 
202 (M+), 200 (M+), 107, 103, 91, 79; HRMS (EI+) calcd. for C8H979BrO: 199.9836, found: 
199.9827; chiral GC: Chiraldex G-TA, 30 m x 0.25 mm x 0.25 μm, He-flow: 0.5 mL/min, 
temperature program: start 50°C, 10°C/min to 95°C, hold 10 min, 10°C/min to 125°C, 
hold 20 min, 10°C/min to 50°C, Tr = 11.7 min (S-4.4a), 14.1 min (R-4.4a), 30.6 min (R-
4.3j), 32.0 min (S-4.3j). 
4-(2-Bromo-1-hydroxy-ethyl)-benzonitrile (4.3k)51 
 1H NMR (CDCl3) δ 7.66 (AA'BB' d, Japp = 8.4 Hz, 2H), 7.50 (AA'BB' d, 
Japp = 8.4 Hz, 2H), 4.97 (dt, J = 8.4, 3.3 Hz, 1H), 3.63 (dd, J = 10.6, 3.7 Hz, 1H), 3.48 (dd, J 
= 10.6, 8.4 Hz, 1H), 2.75 (d, J = 3.7 Hz, 1H); 13C NMR (CDCl3) δ 145.5 (s), 132.4 (d), 
126.7 (d), 118.5 (s), 112.0 (s), 72.7 (d), 39.3 (t); MS (EI+) m/z = 227 (M+), 225 (M+), 132, 
104, 89, 77, 51; HRMS (EI+) calcd. for C9H879BrNO: 224.9789, found: 224.9798; chiral 
HPLC: Chiralpak AD, 40°C, n-heptane/IPA 99.25:0.75 20 min, gradient (1 min) to 95:5, 
hold 24 min, gradient (1 min) to 99.25:0.75, hold 14 min (total time: 60 min), 1.0 
mL/min, Tr = 19.5 min (R-4.4d), 21.3 min (S-4.4d), 47.9 min (R-4.3k), 50.9 min (S-4.3k). 
2-Bromo-1-(4-nitro-phenyl)-ethanol (4.3l)28 
 1H NMR (CDCl3) δ 8.20 (AA'XX' d, Japp = 9.0 Hz, 2H), 7.56 (AA'XX' d, 
Japp = 8.8 Hz, 2H), 5.03 (dt, J = 8.4, 3.7 Hz, 1H), 3.65 (dd, J = 10.6, 3.7 Hz, 1H), 3.51 (dd, J 
= 10.6, 8.4 Hz, 1H), 2.84 (d, J = 3.7 Hz, 1H); 13C NMR (CDCl3) δ 147.7 (s), 147.3 (s), 126.9 
(d), 123.8 (d), 72.6 (d), 39.3 (t); MS (EI+) m/z = 248 (M+), 247 (M+), 246 (M+), 245 (M+), 
153, 152, 122, 106, 105, 94, 91, 78, 77, 51; HRMS (EI+) calcd. for C8H881BrNO3: 
246.9667, found: 246.9678; chiral HPLC: Chiralpak AS, 40 °C, n-heptane/IPA 93:7, 1.0 












 1H NMR (CDCl3) δ 8.27 (t, J = 1.8 Hz, 1H), 8.17 (m, 1H), 7.72 (d, J = 
7.7 Hz, 1H), 7.55 (m, 1H), 5.04 (ddd, J = 8.4, 3.6, 3.3 Hz, 1H), 3.67 (dd, J = 10.6, 3.3 Hz, 
1H), 3.53 (dd, J = 10.6, 8.4 Hz, 1H), 2.79 (d, J = 3.7 Hz, 1H); 13C NMR (CDCl3) δ 148.2 
(s), 142.4 (s), 132.1 (d), 129.6 (d), 123.2 (d), 121.1 (d), 72.4 (d), 39.3 (t); MS (EI+) m/z = 
247 (M+), 245 (M+), 152, 121, 105, 94, 91, 77, 65, 51; HRMS (EI+) calcd. for C8H879BrNO3: 
244.9687, found: 244.9688; chiral HPLC: Chiralpak AD, 40°C, n-heptane/IPA 99.25:0.75 
20 min, gradient (1 min) to 95:5, hold 24 min, gradient (1 min) to 99.25:0.75, hold 14 
min (total time: 60 min), 1.0 mL/min, Tr = 15.6 min (S-4.4f), 17.6 min (R-4.4f), 40.0 min 
(R-4.3m), 42.3 min (S-4.3m). 
2-Bromo-1-naphthalen-2-yl-ethanol (4.3n)51 
 1H NMR (CDCl3) δ 7.84 – 7.82 (m, 4H), 7.51 – 7.43 (m, 3H), 5.06 (m, 
1H), 3.69 (dd, J = 10.6, 3.3 Hz, 1H), 3.61 (dd, J = 10.6, 8.8 Hz, 1H), 2.84 (d, J = 3.3 Hz, 
1H); 13C NMR (CDCl3) δ 137.6 (s), 133.2 (s), 133.1 (s), 128.5 (d), 128.0 (d), 127.7 (d), 
126.4 (d), 126.2 (d), 125.1 (d), 123.5 (d), 73.8 (d), 40.0 (t); MS (EI+) m/z = 252 (M+), 250 
(M+), 158, 157, 153, 141, 129, 128, 127, 77; HRMS (EI+) calcd. for C12H1179BrO: 249.9993, 
found: 250.0005; chiral HPLC: Chiralpak AS, 40°C, n-heptane/IPA 99:1, 1.0 mL/min, Tr 
= 7.9 min (R-4.4j), 9.2 min (S-4.4j), 23.9 min (S-4.3n), 27.2 min (R-4.3n). 
2-Bromo-1-p-tolyl-ethanol (4.3o)52 
 1H NMR (CDCl3) δ 7.25 (AA'BB' d, Japp = 8.1 Hz, 2H), 7.17 (AA'BB' d, 
Japp = 8.1 Hz, 2H), 4.87 (dt, J = 8.8, 3.3 Hz, 1H), 3.60 (dd, J = 10.3, 3.3 Hz, 1H), 3.52 (dd, J 
= 10.3, 8.8 Hz, 1H), 2.57 (d, J = 3.3 Hz, 1H), 2.33 (s, 3H); 13C NMR (CDCl3) δ 138.1 (s), 
137.3 (s), 129.2 (d), 125.8 (d), 73.5 (d), 39.9 (t), 21.1 (q); MS (EI+) m/z = 216 (M+), 214 
(M+), 121, 93, 91, 85, 83, 77, 65, 51; HRMS (EI+) calcd. for C9H1181BrO: 215.9973, found: 
215.9967; chiral HPLC: Chiralcel OD, 40°C, n-heptane/IPA 99:1, 1.0 mL/min, Tr = 5.5 
min (S-4.4k), 5.9 min (R-4.4k), 21.4 (S-4.3o) min, 24.5 min (R-4.3o). 
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2-Bromo-1-(4-bromo-phenyl)-ethanol (4.3p)51 
 1H NMR (CDCl3) δ 7.47 (AA'MM' d, Japp = 8.4 Hz, 2H), 7.23 (AA'MM' 
d, Japp = 8.4 Hz, 2H), 4.85 (dt, J = 8.4, 3.3 Hz, 1H), 3.57 (dd, J = 10.3, 3.3 Hz, 1H), 3.46 
(dd, J = 9.9, 9.2 Hz, 1H), 2.71 (d, J = 3.3 Hz, 1H); 13C NMR (CDCl3) δ 139.2 (s), 131.7 (d), 
127.6 (d), 122.3 (s), 73.0 (d), 39.8 (t); MS (EI+) m/z = 282 (M+), 280 (M+), 278 (M+), 187, 
185, 159, 157, 91, 78, 77, 51; HRMS (EI+) calcd. for C8H879Br2O: 277.8941, found: 
277.8954; chiral HPLC: Chiralpak AS, 40°C, n-heptane/IPA 98:2, 1.0 mL/min, Tr = 6.2 
min (R-4.4l), 7.9 min (S-4.4l), 14.9 min (4.3p). 
2-Chloro-1-(4-methoxy-phenyl)-ethanol (4.3q)25 
 1H NMR (CDCl3) δ 7.28 (AA'XX' d, Japp = 8.8 Hz, 2H), 6.88 (AA'XX' 
d, Japp = 8.8 Hz, 2H), 4.85 (dd, J = 7.3, 3.7 Hz, 1H), 3.78 (s, 3H), 3.58 (dd, J = 10.3, 3.7 Hz, 
1H), 3.51 (dd, J = 10.6, 8.8 Hz, 1H), 2.59 (d, J = 2.9 Hz, 1H); 13C NMR (CDCl3) δ 159.6 
(s), 132.4 (s), 127.2 (d), 114.0 (d), 73.4 (d), 55.2 (q), 40.2 (t); MS (EI+) m/z = 232 (M+), 
230 (M+), 151, 137, 121, 109, 94, 91, 77, 65, 51; HRMS (EI+) calcd. for C9H1179BrO2: 
229.9942, found: 229.9938; chiral HPLC: Chiralcel OD, 40°C, n-heptane/IPA 96:4, 1.0 
mL/min, Tr = 14.0 min (S-4.3q), 16.9 min (R-4.3q). 
4.4.3 Synthesis of racemic products 4.4 
Racemic 4.4a is available from Acros, Alfa Aesar, or Sigma-Aldrich. Racemic 4.4c, 4.4d, 
and 4.4f – h were prepared by F. Berthiol.  
Racemic products 4.4d – 4.4f and 4.4j – 4.4l were synthesized by treating a solution of 
the corresponding bromoketone in methanol with an excess of NaBH4 (workup 
analogous to 4.3p).  
Racemic product 4.4g was prepared from the corresponding aldehyde following a 
literature procedure.53 
Racemic products 4.4b, 4.4c, 4.4h, and 4.4i were synthesized by ring closure of the 
corresponding haloalcohols, using potassium carbonate as base and methanol as 
solvent.54 Subsequently, they were purified by recrystallization from EtOH or by 
column chromatography over silica gel, using mixtures of n-heptane and ethyl acetate 
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Styrene oxide (4.4a)25 
 For a separation method on chiral GC, see 4.3a and 4.3i.g 
2-(4-Fluoro-phenyl)-oxirane (4.4b)25 
 1H NMR (CDCl3) δ 7.23 (AA'MM' dd, Japp = 8.8, 5.5 Hz, 2H), 7.02 
(AA'MM' t, Japp = 8.8 Hz, 2H), 3.83 (dd, J = 4.0, 2.6 Hz, 1H), 3.12 (dd, J = 5.5, 4.0 Hz, 
1H), 2.75 (dd, J = 5.5, 2.6 Hz, 1H); For a separation method on chiral GC, see 4.3b.  
2-(4-(Trifluoromethyl)phenyl)oxirane (4.4c)55 
 1H NMR (CDCl3) δ 7.60 (d, J = 8.1 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 3.80 
- 3.98 (m, 1H), 3.18 (dd, J = 5.7, 4.5 Hz, 1H), 2.76 (dd, J = 5.7, 2.7 Hz, 1H); 13C NMR 
(CDCl3) δ 142.1, 130.6 (q, 2JC-F = 32.2 Hz), 126.0, 125.7 (q, 3JC-F = 3.7 Hz), 124.3 (q, 1JC-F = 
269.6 Hz), 51.9, 51.6; HRMS (EI+) calcd.: 188.0449, found: 188.0437; For a separation 
method on chiral HPLC, see 4.3c. 
4-Oxiranyl-benzonitrile (4.4d)56 
 1H NMR (CDCl3) δ 7.61 (AA'MM' d, Japp = 8.4 Hz, 2H), 7.36 (AA'MM' d, 
Japp = 8.1 Hz, 2H), 3.88 (dd, J = 4.0, 2.2 Hz, 1H), 3.17 (dd, J = 5.5, 4.0 Hz, 1H), 2.73 (dd, J 
= 5.5, 2.6 Hz, 1H); 13C NMR (CDCl3) δ 142.8 (s), 131.7 (d), 125.6 (d), 118.1 (s), 111.0 (s), 
51.0 (t), 51.0 (d); MS (EI+) m/z = 145 (M+), 144, 115, 102, 88, 75, 63, 51; HRMS (EI+) 
calcd.: 145.0528, found: 145.0523; For a separation method on chiral HPLC, see 4.3d 
and 4.3k.  
                                                     
g Whenever possible, GC or HPLC methods were used which allowed for separation of both the 
haloalcohol and the epoxide in a single measurement. 
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2-(4-Nitro-phenyl)-oxirane (4.4e)56 
 1H NMR (CDCl3) δ 8.17 (AA'XX' d, Japp = 8.8 Hz, 2H), 7.42 (AA'XX' d, 
Japp = 8.8 Hz, 2H), 3.94 (dd, J = 4.0, 2.2 Hz, 1H), 3.20 (dd, J = 5.5, 4.0 Hz, 1H), 2.75 (dd, J 
= 5.5, 2.6 Hz, 1H); 13C NMR (CDCl3) δ 147.4 (s), 145.2 (s), 126.0 (d), 123.5 (s), 51.5 (t), 
51.2 (d); MS (EI+) m/z = 165 (M+), 152, 148, 118, 89, 77, 63, 51; HRMS (EI+) calcd.: 
165.0426, found: 165.0425; For a separation method on chiral HPLC, see 4.3e and 4.3l.  
2-(3-Nitro-phenyl)-oxirane (4.4f)52 
 1H NMR (CDCl3) δ 8.15 – 8.12 (m, 2H), 7.60 – 7.48 (m, 2H), 3.94 (dd, J = 
4.0, 2.6 Hz, 1H) 3.19 (dd, J = 5.5, 4.0 Hz, 1H), 2.78 (dd, J = 5.5, 2.6 Hz, 1H); 13C NMR 
(CDCl3) δ 140.0 (s), 131.4 (d), 129.5 (d), 123.1 (d), 120.5 (d), 51.4 (t), 51.4 (d); MS (EI+) 
m/z = 165 (M+), 148, 135, 118, 105, 89, 77, 63, 51; HRMS (EI+) calcd.: 165.0426, found: 
165.0424; For a separation method on chiral HPLC, see 4.3f and 4.3m. 
2-(2-Nitro-phenyl)-oxirane (4.4g)48,57 
 1H NMR (CDCl3) δ 8.15 (d, J = 8.0 Hz, 2H), 7.60 – 7.75 (m, 3H), 4.49 (dd, J = 
4.0, 2.6 Hz, 1H), 3.30 (dd, J = 5.6, 4.4 Hz, 1H), 2.67 (dd, J = 5.6, 2.6 Hz, 1H); 13C NMR 
(CDCl3) δ 148.0, 134.9, 134.5, 128.8, 127.2, 124.9, 50.9, 50.8; Elem. Anal.: calcd. C, 
58.18; H, 4.27; N, 8.48; found C, 58.24; H, 4.27; N, 8.45; For a separation method on 
chiral HPLC, see 4.3g. 
2-(3-Methoxy-phenyl)-oxirane (4.4h)58 
 1H NMR (CDCl3) δ 7.26 (t, J = 7.7 Hz, 1H), 6.78 - 6.93 (m, 3H), 3.85 (dd, J 
= 4.0, 2.8 Hz, 1H), 3.81 (s, 3H), 3.13 (dd, J = 5.6, 4.2 Hz, 1H), 2.78 (dd, J = 5.6, 2.4 Hz, 
1H); 13C NMR (CDCl3) δ 159.9, 139.3, 129.6, 118.0, 113.9, 110.5, 55.3, 52.3, 51.2; HRMS 













 4.3i (425 mg, 2.62 mmol) was dissolved in  10 mL THF, after which 
potassium carbonate (490 mg, 3.55 mmol) was added. This mixture was stirred for 4 
days at room temperature and subsequently filtered and evaporated to dryness. The 
spectral data for this compound corresponded to those described for compound 3.9 
(Chapter 3). For a separation method on chiral GC, see 4.3i. 
2-Naphthalen-2-yl-oxirane (4.4j)59 
 1H NMR (CDCl3) δ 7.86 – 7.79 (m, 4H), 7.50 – 7.44 (m, 2H), 7.32 (d, J = 
8.4, 1H), 4.02 (dd, J = 4.0, 2.6 Hz, 1H), 3.21 (dd, J = 4.4, 4.0 Hz, 1H), 2.90 (dd, J = 4.4, 2.6 
Hz, 1H); 13C NMR (CDCl3) δ 135.0 (s), 133.3 (s), 133.2 (s), 128.4 (d), 127.7 (d, 2C), 126.3 
(d), 126.0 (d), 125.1 (d), 122.6 (d), 52.6 (d), 51.2 (t); For a separation method on chiral 
HPLC, see 4.3n. 
2-p-Tolyl-oxirane (4.4k)56 
 1H NMR (CDCl3) δ 7.27 (AA'BB' d, Japp = 8.1 Hz, 2H), 7.18 − 7.12 (AA'BB' 
m, 2H), 3.81 (dd, J = 4.0, 2.6 Hz, 1H), 3.11 (dd, J = 5.5, 4.0 Hz, 1H), 2.78 (dd, J = 5.5, 2.6 
Hz, 1H), 2.33 (s, 3H); For a separation method on chiral HPLC, see 4.3o. 
2-(4-Bromo-phenyl)-oxirane (4.4l)60 
 1H NMR (CDCl3) δ 7.45 (AA'MM' d, Japp = 8.4 Hz, 2H), 7.13 (AA'MM' d, 
Japp = 8.4 Hz, 2H), 3.80 (dd, J = 4.0, 2.6 Hz, 1H), 3.12 (dd, J = 5.5, 4.0 Hz, 1H), 2.73 (dd, J 
= 5.5, 2.6 Hz, 1H); 13C NMR (CDCl3) δ 136.6 (s), 131.6 (d), 127.1 (d), 122.0 (s), 51.8 (d), 
51.2 (t); For a separation method on chiral HPLC, see 4.3p. 
4.4.4 Production and overexpression of enzymes E1 − E533 
All enzymes were prepared by C. Tarabiono. 
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For E2 − E4, mutations were introduced in the hheC gene by PCR, using the 
QuikChange® Site-Directed Mutagenesis Kit from Stratagene.61 As a template, 
pBADHheC wild type was used and the mutagenic primers were supplied by Sigma. 
The mutations were confirmed by sequencing.  
E5 was obtained by modifying an aqueous solution of purified E3 with Lomant’s 
reagent.45 
Expression and purification of the mutant enzymes are analogous to the procedure 
described for E1 (wild-type HheC) in Chapter 3. 
4.4.5 Kinetic resolution of 4.3l using E1 – E5 
A solution of 200 μmol of 4.3l in in 0.5 mL of DMSO was added to 10 mL of aqueous 
HEPES buffer (50 mM, pH 7.5) at room temperature. The reaction was started by 
adding about 6 U of enzyme to the mixture.37 Samples (0.5 mL) were taken every 10 
min, extracted with Et2O, concentrated in vacuo, redissolved in n-heptane/IPA 93:7 and 
analyzed by chiral HPLC. The apparent E-value for the enzymes was calculated from 
the ee’s of product and starting material using the formula:62 
( ) ( )[ ]







4.4.6 Synthesis of catalysts 4.8a − 4.8c 
 The procedure described by Pfeffer et al. for analogous 
compounds38 was used. Thus, a 50 mL 2-necked flask was thoroughly flame-dried and 
put under an atmosphere of nitrogen, after which the following compounds were 
added, respectively: [Cp*IrCl2]2 (120 mg, 0.15 mmol), KPF6 (110 mg, 0.60 mmol), NaOH 
(12 mg, 0.30 mmol), N-benzylmethylamine (39.0 μL, 36.4 mg, 0.30 mmol), and 
acetonitrile (4 mL). This mixture was stirred at 45 °C for 2d. The mixture was then 
cooled down to room temperature, washed with n-heptane (3x) and filtered over 
neutral aluminum oxide (eluent: MeCN). The resulting solution was concentrated in 
vacuo. Subsequent stripping with dry Et2O yielded 4.8a (136.2 mg, 215 mmol, 90%) as a 
dark yellow foam. 1H NMR (CDCl3) δ 7.34 (d, J = 6.2 Hz, 1H), 7.05 (d, J = 7.0 Hz, 1H), 
6.98 (t, J = 7.1 Hz, 1H), 6.90 (t, J = 7.2 Hz, 1H), 4.39 (br s, 1H), 4.15 (br s, 1H), 3.66 (br s, 








  Chapter 4 - Dynamic Kinetic Resolution of Haloalcohols.doc 
Chapter 4 
 
135.2 (d), 127.4 (d), 123.6 (2x d), 89.8 (s), 67.2 (t), 44.8 (q), 8.9 (q); HRMS (EI+) calcd. 
for C18H25IrN+ (= M+ − CH3CN/PF6−): 448.1616, found: 448.1617. 
1-Benzylamino-2-methyl-propan-2-ol (4.7b).42  
 Benzylamine (2.73 mL, 2.68 g, 25.0 mmol) and 2,2-dimethyloxirane (2.5 
mL, 2.03 g, 28.1 mmol) were stirred together under reflux for 24 h. The mixture was 
then cooled down to room temperature and excess dimethyloxirane was evaporated 
under reduced pressure. It was observed that crystallization of this compound was 
exothermic. 1H NMR (CDCl3) δ 7.34 − 7.22 (m, 5H), 3.82 (s, 2H), 2.54 (s, 2H), 2.5 − 2.0 
(br s, 2H), 1.16 (s, 6H). 
 4.8b was prepared analogously to 4.8a, using 4.7b as the amine. 
1H NMR (CDCl3) δ 7.56 (d, J = 7.0 Hz, 1H), 7.17 (d, J = 7.3 Hz, 1H), 7.07 (t, J = 7.0 Hz, 
1H), 6.96 (t, J = 7.3 Hz, 1H), 6.36 (br s, 1H), 4.15 – 4.00 (m, 2H), 3.61 (br s, 1H), 2.84 (m, 
1H), 2.37 (br s, 1H), 1.86 (s, 2H), 1.65 (s, 15H), 1.30 (s, 3H), 1.29 (s, 3H); 13C NMR 
(CDCl3) δ 157.1 (s), 146.9 (s), 135.8 (d), 127.6 (d), 124.3 (d), 123.2 (d), 87.5 (s), 82.5 (s), 
64.0 (t), 61.0 (t), 24.3 (q), 23.7 (q), 9.1 (q). 
 4.8c was prepared by conducting the preparation of 4.8a in the 
presence of air.h 1H NMR (CDCl3) δ 8.33 (s, 1H), 7.67 (d, J = 7.0 Hz, 1H), 7.56 (d, J = 7.3 
Hz, 1H), 7.20 (t, J = 7.1 Hz, 1H), 7.11 (t, J = 7.1 Hz, 1H), 3.94 (s, 3H), 2.37 (s, 3H), 1.76 
(s, 15H); 13C NMR (CDCl3) δ 178.5 (d), 161.8 (s), 146.9 (s), 134.4 (d), 132.1 (d), 128.8 (d), 
123.6 (d), 91.1 (s), 50.3 (q), 9.0 (q); HRMS (EI+) calcd. for C18H23IrN+ (= M+ − 
CH3CN/PF6−): 446.1459, found: 446.1455.  
4.4.7 General procedure for the dynamic kinetic resolution of compounds 4.3 
The DKR of 4.3c, 4.3d, and 4.3f – 4.3h was performed by F. Berthiol.  
                                                     
h See Footnote c on page 116. 
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A 50 mL 2-necked flask was filled with 10 mL of HEPES buffer (50 mM, pH 7.5 for 
bromoalcohols, pH 8 for chloroalcohols), a solution of 200 μmol of substrate in 0.5 mL 
of distilled DMSO, 35 mg of BSA, and a sample of enzyme containing 6 U of haloalcohol 
dehalogenase (measured on substrate 4.3l under standard conditions, see Ref. 37). Then, 
a solution of 4.8a (6.3 mg, 10 μmol, 5 mol%) activated with t-BuOK (1.2 mg, 11 μmol) 
in 3 mL of freshly distilled toluene (under anhydrous conditions and a nitrogen 
atmosphere) was added to the solution over 6 h using a syringe pump. To analyze the 
composition of the reaction mixture, 0.1 mL samples were taken from the organic layer, 
filtered over silica (eluent: Et2O), evaporated, redissolved in n-heptane/IPA and 
analyzed by chiral HPLC or GC. 
4.4.8 Dynamic kinetic resolution of 4.3 on preparative scale 
DKR on preparative scale was performed analogous to the reaction on analytical scale, 
but using 1.0 mmol of substrate dissolved in 2.5 mL of DMSO, 50 mL of HEPES buffer 
(50 mM, pH 8), 150 mg of BSA, and an enzyme sample containing 30 U of HheC 
Cys153Ser Trp249Phe. The catalyst solution consisted of 31.5 mg (50 μmol, 5 mol%) of 
4.8a and 6.0 mg (53 μmol) of t-BuOK, dissolved in 15 mL of freshly distilled toluene. 
After the reaction had finished (monitored by HPLC), the mixture was extracted using 
toluene. Separation of the aqueous and organic layers was effected by a high-speed 
centrifuge (12 000 rpm). 
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